Introduction 55
The need to produce sufficient food for a growing population requires increasing the productivity and 56 efficiency of agriculture in order to increase yields by the estimated 70% that will be needed by 2050 57 (Lobell et al., 2009; Ray et al., 2012) . Given its central role in crop growth and productivity, improving 58 photosynthesis is one approach that has the potential to generate step-change improvements in crop 59 yields and resource use efficiency (Long et al., 2006; Ort et al., 2015) . One of the primary limitations to 60 photosynthesis is the relative inefficiency of the central carbon fixing enzyme Rubisco (ribulose 1,5-61 bisphosphate carboxylase/oxygenase), in particular its lack of specificity for CO2 versus O2, which leads to Rubisco's tendency to oxygenate rather than carboxylate its substrate RuBP (ribulose 1,5-bisphosphate) 65
is estimated to reduce yields by as much as 36% and 20% in US grown soybean and wheat, respectively 66 where it is needed, and permits the movement of key molecules while limiting CO2 escape. Generating a 83 high CO2 environment is also facilitated by a complex system of inorganic carbon transporters on the 84 cyanobacterial outer membrane that move either HCO3or CO2 into the cytoplasm through active and 85 passive mechanisms (Price, 2011) . Modelling the incorporation of the various components of the CCM 86 into plants suggests that once a fully functioning system is established within a higher plant chloroplast, 87 photosynthetic rates could be improved by as much as 60% (McGrath and Long, 2014) . The resulting 88 subsequent improvements in yield could facilitate a major change in crop productivity and resource use 89 efficiency (Ort et al., 2015; Hanson et al., 2016) . 90
Significant progress has been made during recent years to unravel the molecular mechanisms of 91 CCMs involving either carboxysomes or pyrenoids. In Synechococcus elongatus PCC7942, which produces 92 β-carboxysomes, the ccmM gene gives rise to two proteins: CcmM58 and CcmM35, the latter arising 93 from an internal ribosomal entry site (Long et al., 2007; Long et al., 2010) . CcmM35 possesses three 94 tandem repeats of Rubisco small subunit-like domains, and was initially thought to interact with Rubisco 95 by replacing small subunits (Long et al., 2011 (Lin et al., 2014a) . 113
In a previous study performed by another group, when the tobacco rbcL gene was replaced with that 114 from Synechococcus PCC6301, no Rubisco large subunit (LSU) was detected in the transformed plant 115 (Kanevski et al., 1999) , and it was thought that the cyanobacterial LSU could not assemble with plant 116 small subunit (SSU) to form a functional enzyme. 117
Here we investigated the assembly and functioning of cyanobacterial Rubisco within higher plant 118 chloroplasts when the Se LSU is expressed either with or without CcmM35 in the absence of cognate 119 cyanobacterial SSU. Analysis of transplastomic tobacco lines incorporating some cyanobacterial 120 components but lacking the cognate SSU revealed that the Se LSU and CcmM35 are able to form large 121 aggregates of Rubisco within tobacco chloroplasts. Though only low amounts of tobacco SSUs were 122 present, the transplastomic lines characterized differed significantly in physiology and biochemistry from 123 comparable lines that also co-expressed the cognate cyanobacterial SSU. Remarkably, albeit at slow 124 rates, in the absence of the cognate small subunits, the hybrid cyanobacterial LSU-tobacco SSU 125 expressed in tobacco chloroplasts with and without CcmM35 was active and supported plant growth. We generated two transplastomic tobacco lines named SeL and SeLM35 by replacing in-frame the entire 133 tobacco Rubisco large subunit gene with that from Synechococcus elongatus PCC7942 (Se). In the 134 SeLM35 line, the ccmM35 gene was introduced downstream of the Se-rbcL gene to be co-expressed 135 from the same chloroplast genome locus ( Fig. 1A) . We used the same regulatory elements at intergenic 136 regions as described in our previous work namely, a terminator, an intercistronic expression element 137 cyanobacterial Rubisco small subunit gene. The aadA selectable marker gene was incorporated into the 140 same operon as the Se-rbcL gene in the SeL construct instead of a separate operon as in the SeLM35 141 construct. We obtained homoplasmic transformed shoots after two rounds of selection, and were able 142 to transfer them to soil for growth under elevated CO2 (9000 ppm). We collected seeds from two 143 independent SeL lines and one SeLM35 line. Both DNA and RNA blots confirmed complete removal of 144 the Nt-rbcL gene and its corresponding transcript in these plants ( Fig. 1B, S1 ). We also analyzed the 145 transcripts containing Se-rbcL and ccmM35 genes in these lines together with SeLS and SeLSM35 lines 146 generated in our previous study (Fig. S1 ). The RNA blots showed bands arising from incomplete 147 processing of IEE as well as read-through transcription of the downstream aadA operon, consistent with 148 our previous observations (Occhialini et al., 2016) . 149
Cyanobacterial Rubisco large subunits and CcmM35 aggregate in pro-carboxysome micro-151 compartments in tobacco chloroplasts 152
Expression of Se CcmM35 together with the cyanobacterial LSU in the SeLM35 transformant resulted in 153 the formation of aggregates, or pro-carboxysome micro-compartments, in tobacco chloroplasts (Fig. 2) . 154
These aggregates were similar in size and shape to those observed in plants containing both the large 155 and small subunits of Rubisco, and CcmM35 (SeLSM35, Fig. S2 ), but were absent from tobacco plants 156 expressing the Se LSU in the absence of CcmM35. Immuno-gold labelling confirmed the presence of the 157 Se LSU and CcmM35 proteins within the SeLM35 pro-carboxysome compartments (Fig. 2, S3 , S4). In Rubisco subunits ( Fig. 4B ), total activity in SeL was less than 5% of SeLS, and ca. 1% of WT tobacco, 176 consistent with the extremely slow growth of these plants (see below). SeLM35 plants had significantly 177 more Rubisco active sites than other transplastomic lines, including SeLSM35, which also expresses the 178 CcmM35 linker protein ( Fig. 4B , P < 0.001), although Rubisco total activity was not significantly different 179 between the two lines ( Fig. 4A , P > 0.001). 180
To ascertain the ability of tobacco chloroplasts to maintain active cyanobacterial Rubisco, we 181 determined Rubisco activation states from WT and transplastomic plants under steady state conditions. 182
As anticipated, WT plants were observed to have a comparatively low activation state in high CO2 183 conditions ( Fig. 4C ). Lines expressing both Se Rubisco subunits, with or without CcmM35 showed 184 essentially fully active Rubisco. In contrast, in SeLM35 Rubisco, activation was ca. 70 %, and in SeL, 185 expressing just the cyanobacterial LSU, it was only ca. 20 %. These data indicate that these complexes, 186
although able to function, did not become fully active in these growth conditions. 187
All transplastomic lines displayed significantly lower total soluble protein compared to WT 188 tobacco ( Fig. 4D , P < 0.001) and this decrease was largely consistent with the decreased amount of 189
Rubisco on an area basis ( Fig. S6 ). Alongside reduced total soluble protein and Rubisco content and in 190 agreement with visual observation of these transplastomic plants, levels of chlorophyll a, b, and thus 191 total chlorophyll were significantly reduced ( Fig. S7 ). Chlorophyll a was more severely reduced, and with 192 the exception of SeLS, all lines had a significantly reduced chlorophyll a/b ratio compared to WT tobacco. 193
Cyanobacterial Rubisco has been characterized to have a very high catalytic rate, but also a poor 194 affinity for CO2 (high KC value). In SeLS and SeLSM35 plants, values obtained for carboxylation rate, VC, 195 and KC, the Michaelis-Menten constant for CO2, were consistent with previous work (Table 1 ; (Occhialini 196 et al., 2016) . Rubiscos from SeLM35 and SeL, which contain the cyanobacterial LSU but lack a cognate 197 SSU, were able to carboxylate RuBP at significant rates. Immunoblotting suggested the presence of 198 tobacco SSU in the Rubisco complex, but this was likely at a stoichiometric ratio lower than 1:1 in 199 relation to the cyanobacterial LSU ( Fig. 3 ). These two Rubisco enzymes had affinities for CO2 comparable 200 to the enzyme from the transplastomic lines containing both the cyanobacterial LSU and SSU (Table 1) . 201 202 203 The lack of a cognate Rubisco small subunit also impairs photosynthetic gas exchange 214
To evaluate the impact of the unusual Rubisco composition in the leaves of these transplastomic lines, 215 gas exchange measurements were carried out. At the levels present in these transplastomic plants and in 216 absence of a functional CO2-concentrating mechanism, the faster catalytic rate of Se Rubisco does not 217 confer an advantage in photosynthetic rate per leaf area even at 2000 ppm CO2 (Fig. 5A ). Consistent with 218 previous work, aggregating cyanobacterial Rubisco through the expression of CcmM35 in SeLSM35 219 plants slightly reduced photosynthetic rates on an area basis ( Fig 5A; Occhialini et al., 2016). SeLM35 220 photosynthetic rates show that the lack of the cognate Se SSU decreases photosynthetic rates even 221 further ( Fig. 5A ). Most transplastomic lines showed a noticeable increase of photosynthesis under low 222 oxygen conditions ( Fig. S8 ). However, even at the highest CO2 concentration measured combined with 223 2% oxygen, SeL plants displayed net photosynthetic rates that were barely above zero (Fig. S8C ). 224
As a fully functional cyanobacterial CCM within tobacco will ideally require less Rubisco than 225 wild-type plants, we also determined Rubisco content in the leaves used for gas exchange analyses. normalized rates even at Ci of 2000 ppm CO2 (Fig. 5B ). This is consistent with the observation that even a 231 short exposure of several hours in ambient CO2 conditions leads to tissue damage, and that even in 232 growth conditions of 4000 ppm CO2 SeL plants are extremely slow to develop (see below). 233 234 235
Replacement of tobacco Rubisco large subunits with cyanobacterial large subunits impairs growth 236 irrespective of other components 237
Transplastomic plants where the native tobacco Rubisco large subunit (LSU) was replaced with the Se 238 large subunit with or without the carboxysome linker protein CcmM35 (SeLSM35 and SeLM35) grew 239 slowly even at 4000 ppm CO2 when compared to both WT and lines expressing both Se Rubisco subunits 240 (SeLS, Fig. 6A , S6, Table S2 ). Germination time was similar between all lines (~7 days). Plant height and 241 total leaf area of SeLSM35 and SeLM35 plants started to visibly increase 60 days after sowing, and the 242 growth rate for the subsequent 15 days was significantly slower in SeLM35 plants lacking the Se SSU 243 compared to SeLSM35 (P < 0.05, Fig. 6B , 6C, Table S2 ). SeL plants expressing only the Se LSU were 244 dramatically slower in growth (P < 0.001), which necessitated germination in tissue culture for 245 establishment before transferring to soil. These plants took approximately three times as long as SeLS 246 plants to reach a plant height of ~80 cm (Fig. 6B ). SeL and SeLM35 plants produced numerous smaller 247 leaves, consistent with the other line expressing CcmM35, SeLSM35 (Fig. S10) . Both SeL and SeLM35 248 were noticeably paler than WT controls and transplastomic lines expressing the Se SSU (Fig. S7, S9, S10) . SeL and SeLM35 lines (Table 1) . It should be noted that the cyanobacterial LSU expressed in the previous 262 study had the first 8 residues at its N terminus replaced by the first 11 residues of the tobacco LSU, 263 possibly leading to lower stability of the modified LSU or inhibition of its assembly with the tobacco SSU 264 (Kanevski et al., 1999) . 265
Relative to comparable lines expressing Se SSU, both SeLM35 and SeL plants showed delayed 266 growth ( Fig. 6 ) and developed more numerous, but smaller leaves (Fig. S9, S10) . SeL was not able to 267 grow autotrophically from seeds even in high CO2 levels, and required establishment on tissue culture with the significantly lower Rubisco active sites, this led to much lower Rubisco activity on a leaf area 274 basis (Fig. 4) . In both lines containing CcmM35, Rubisco catalytic rate was worse than that of β- showing that in the absence of Se SSU, CcmM35 helps sequester more tobacco SSU, possibly by 291 increasing stability of the hybrid L8S8 enzyme or facilitating its assembly (Fig. 3) . 292
The very low activity observed for SeL Rubisco that lacked the cognate SSU from cyanobacteria 293 agrees with in vitro findings from a number of previous studies investigating the ability of LSU-only 294
Rubisco to perform catalysis (Andrews and Ballment, 1984; Jordan and Chollet, 1985; Andrews, 1988) . In 295 studies including cyanobacterial Rubisco, in vitro preparations containing only L8 octameric cores 296 typically had detectable activity corresponding to only ~1% of the cyanobacterial holoenzyme, and even 297 addition of heterologous higher plant SSU from spinach led to dramatic increases in activity (Andrews, 298 1988 ). The cyanobacterial L8 core binds spinach SSU with an affinity an order of magnitude lower than its 299 native SSU, and the activity of the hybrid enzyme was only half that of the enzyme with homologous 300 subunits (Andrews and Lorimer, 1985) . This suggests that the minimal activity observed for SeL Rubisco, 301 ~5% of SeLS (Fig. 4) , may in part result from a substoichiometric amount of tobacco SSU's binding to 302 cyanobacterial L8 cores. The poor photosynthetic performance of these transplastomic lines in the absence of a 316 functional CCM with all the necessary components is unsurprising. However, the ability of some lines to 317 outperform wild-type plants on a per Rubisco basis at higher CO2 levels suggests that provided with high 318 CO2 concentrations such as those within a fully formed β-carboxysome shell in a complete CCM, the 319
Rubisco levels within these plants may be sufficient to support improved rates of carbon assimilation. 320
Consistent with this, Long and colleagues (2018) observed that leaf discs from plants expressing α-321 cyanobacterial Rubisco produced similar photosynthetic rates to wild-type tobacco plants in 2% (v/v) CO2 322 conditions within a membrane inlet mass spectrometry system (MIMS). Thus, and even considering the 323 associated nitrogen costs of producing the shell components, reducing the typically very large 324 investment into Rubisco by C3 plants may represent an overall nitrogen saving (McGrath and Long, 2014) . 325
An issue that is highly likely to be encountered when dealing with the numerous other components of 326 the carboxysome shell is to optimize expression levels, and this may also be necessary for Rubisco. An Rubisco amounts, should this become necessary to support the desired number of carboxysomes per 330 chloroplast, in order to drive higher photosynthetic rates within a fully formed CCM. It is also possible 331 that adjusting the chloroplast regulatory sequences used to express Se Rubisco subunits may be 332 sufficient to increase the Rubisco amount. 333
The ability of CcmM35 to link Se LSU in planta without a cognate SSU shows that tobacco SSU 334
can not only substitute Se SSU to form functional hybrid Rubisco, but can also result in an enzyme to 335 which CcmM35 can bind. While the Se SSU does not appear to be essential for formation of a pro-336 carboxysome, the differences shown here based on its presence in a pro-carboxysome highlight its The carboxysome alone will be insufficient to attain higher rates of photosynthesis without the 343 removal of existing stromal carbonic anhydrase and the addition of transporters to pump high levels of 344 
Materials and Methods 357

Construction of chloroplast transformation vectors 358
All primers used were obtained from Integrated DNA Technologies and listed in Table S1 . Phusion TM high-359
fidelity DNA polymerase, FastDigest restriction enzymes and T4 DNA ligase from Thermo Scientific were 360 used to generate amplicons, restriction digests and ligation products respectively. The ligation products 361 were transformed into chemically competent DH5α E. coli and selected on LB agar medium with 100 362 μg/mL ampicillin. A template vector to hold each DNA piece was first constructed as follows. The aadA 363 operon from BJF-070 vector (Hanson et al., 2013) was removed by self-ligation of the NsiI digest. An 364 amplicon was generated from the resulting vector using NsiI-BJF3 and BamHI-BJF5 primers and ligated 365 into the BamHI and NsiI sites of the vector to introduce SbfI and NotI sites upstream of the NsiI locus. 366
The resulting vector, BJFE-BB, was used as a vector to hold each DNA element between the SbfI and NotI Specifically, we assembled an aadA module comprised of loxP-At_TpsbA-IEE-SD-RBS-aadA-loxP. We then 372 modified pGEM-F1-rbcL-F2 vector described previously (Lin et al., 2014b) by introducing a SbfI site 373 immediately downstream of the Se-rbcL gene. It was accomplished by ligating the amplicon generated 374
with HindIII-LSUE5 and T1L-IEE3 primers into the HindIII and XbaI sites to obtain the pCT-rbcL-BB2 vector. 375
Next, XbaI+AscI digest of the amplicon from TrbcL5 and AscI-LSUFl2r primers was ligated into XbaI and 376
MluI sites of pCT-rbcL-BB2 vector to obtain pCT-rbcL-BB vector. Finally, we introduced the aadA module 377 between the SbfI and NotI sites of pCT-rbcL-BB vector to obtain pCT-rbcL-BB-aadA vector used to 378 generate the SeL chloroplast transformant tobacco line. pCT-rbcL-ccmM35 described previously (Lin et 379 al., 2014b) was used in the generation of SeLM35 tobacco chloroplast transformant. 380 381
Generation of transplastomic tobacco plants 382
We introduced transformation vectors into two-week-old tobacco (Nicotiana tabacum cv. Samsun) 383 seedlings with the Biolistic PDS-1000/He Particle Delivery System (Bio-Rad Laboratories) and tissue-384 culture based selection method as described previously (Occhialini et al., 2016) . Briefly, about 10 μg of 385 DNA was mixed with 100 μL of 50 mg/mL 0.6 μm gold nanoparticles, 100 μL of 2.5 M CaCl2 and 40 μL of 386 0.1 M spermidine free-base by vortexing for about one minute. The gold particles were then pelleted in 387 a microcentrifuge at 1000 rpm for 8 seconds and resuspended in 180 μL of 70% ethanol. After the 388 washing of the gold particles was repeated one more time, the pellet was resuspended in about 60 μL of 389 100% ethanol and then spread on ten microcarrier discs used for bombardment. Two days later, the 390 leaves from the bombarded seedlings were cut into halves and placed on RMOP agar medium with 500 391 μg/mL spectinomycin for 4-6 weeks at 23°C under 14 h light per day. The shoots arising were cut into 5 392 mm 2 pieces and subjected to a second round of selection on the same medium for another 4-6 weeks. 393
The regenerated shoots were then transferred to MS agar medium for rooting and subsequently 394 transferred to soil for growth in a chamber with elevated CO2 (~9000 ppm) until the seeds were 395 collected. Total DNA was extracted from leaf tissues using CTAB buffer, digested with EcoRV+KpnI 396 restriction enzymes, separated on a 1% agarose gel, transferred to a Nylon membrane and detected with 397 a DIG-label DNA probe as described previously (Lin et al., 2014b) . 398 399
Analyses of transgenes' transcripts on RNA blots 400
The transcripts were analyzed on RNA blots using the procedure described previously with the same 401 DIG-labeled RNA probes (Occhialini et al., 2016) . Briefly, RNA samples were prepared from leaf tissues 402 with a PureLink ® RNA mini kit (Life Technologies) and their concentrations were estimated with a Qubit ® 403 RNA BR assay kit. About 1 μg each RNA sample was mixed with NorthernMax ® formaldehyde load dye 404 (Life Technologies) with 50 μg/mL ethidium bromide and incubated at 65 °C for 15 min before they were 405 loaded to 1.3% agarose gel with 2% formaldehyde. After separation at 7 V cm -1 for about 2 h, the gel was 406 washed three times in diethylpyrocarbonate-treated water for 10 min each and incubated in 20x SSC for 407 45 min before the RNAs were transferred to a positively charged nylon membrane under capillary action. 408
The membrane was then exposed to UV radiation with a Stratalinker ® Values represent mean ± SEM (n = 3-5 biological replicates). DAS, days after sowing. 594
